OBJECTIVE: Experimental endotoxaemia induces subcutaneous adipose tissue inflammation and systemic insulin resistance in lean subjects. Glyceroneogenesis, by limiting free fatty acids (FFA) release from adipocytes, controls FFA homoeostasis and systemic insulin sensitivity. The roles of subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) in metabolic deregulation are intrinsically different. We compared the effect of lipopolysaccharide (LPS) on the inflammation profiles of SAT and VAT explants from lean women, as well as on glyceroneogenesis, to test whether these two fat depots have intrinsically different responses to this metabolic endotoxin. DESIGN: Abdominal SAT and VAT explants from eight lean women were treated in vitro with LPS. Their inflammatory status was evaluated by cytokine gene expression and secretion; glyceroneogenesis was evaluated by cytosolic phosphoenolpyruvate carboxykinase activity and FFA vs glycerol release. RESULTS: In the basal state, the cytokine status and expression of macrophage markers were lower in SAT than VAT. In the presence of 100 ng ml À 1 LPS, SAT exhibited a strong inflammatory response (increased interleukin-6 and tumor necrosis factor-a expression) and increased release of FFA due to inhibition of glyceroneogenesis, whereas VAT was only mildly affected. The effects of LPS on both tissues were blocked by the nuclear factor-kB (NF-kB) inhibitor, parthenolide. A significant effect of LPS on VAT occurred only at 1 mg ml À 1 LPS. CONCLUSION: SAT explants from lean women are more sensitive to LPS-induced NF-kB activation than are VAT explants, leading to a depot-specific dysfunction of FFA storage. As SAT is the major player in FFA homoeostasis, this SAT dysfunction could be associated with visceral fat hypertrophy and systemic lipid disorders.
INTRODUCTION
The roles of subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) in metabolic deregulation are intrinsically different. In mouse models, SAT protects against insulin resistance and metabolic disorders, whereas VAT does not. 1 In humans, however, the picture is less clear. VAT accumulation is associated with increased mortality and risk for diabetes and cardiovascular complications, whereas SAT hypertrophy is generally found to be neutral, 2, 3 although other studies find no difference between SAT and VAT. 4 Thus, it remains uncertain whether and how different human fat depots influence the occurrence of metabolic disease. 5 Inflammation is a common feature of abnormal adipose tissue-whether hypertrophic in obesity 6 or atrophied in lipodystrophic patients 7, 8 -and inflammation is linked to insulin resistance. 9 Previous studies have shown an increased number of macrophages in adipose tissue from obese patients with both M1 and M2 phenotypes. 10, 11 Upregulation of immune responserelated gene expression in human SAT and VAT from obese subjects was found to be associated with downregulation of most of the adipocyte functions. 4 Immune system homoeostasis is challenged by external insults, such as saturated free fatty acid (FFA)-rich diets. 12 Moreover, in mice, a high-fat diet and/or acute fat load increases plasma lipopolysaccharide (LPS), the main component of the outer membrane of Gram-negative bacteria. 13 Such 'metabolic endotoxaemia' can trigger an innate immune response, particularly in adipose tissue, which can result in the release of proinflammatory cytokines that interfere with glucose and lipid metabolism and induce insulin resistance. 14, 15 A similar association between metabolic diseases and endotoxaemia seems to apply in humans too. Some obese and type 2 diabetes patients present with elevated levels of endotoxaemia 16 together with alterations in their gut microflora, 17, 18 and experimental endotoxaemia induces adipose tissue inflammation and systemic insulin resistance in lean subjects. 19 Thus, LPS is potentially an endogenous inflammatory agent that might affect adipose tissue, whereas not being the sole mediator in obesity. Thus far, the effect of LPS on adipose tissue in humans has been analysed only in SAT, 19 and any differential effect of LPS on SAT and VAT has not been investigated.
The primary role of adipose tissue is to store triglycerides, allowing the disposal of FFA according to the energy needed by the body. SAT is the major player in the systemic homoeostasis of FFA. 20 Inducing high plasma FFA concentrations experimentally 1 can reproduce some obesity-linked metabolic abnormalities in lean, healthy individuals. Conversely, lowering FFA concentrations can improve the metabolic health of android or diabetic, obese individuals. 21 During fasting, the release of FFA into the blood is initiated by lipolysis of triglycerides stored in adipose tissue, but is limited by a simultaneous FFA re-esterification process in adipose tissue. This FFA-triglyceride recycling requires the de novo synthesis of glycerol-3 phosphate from lactate, a non-carbohydrate source, by glyceroneogenesis. The cytosolic form of phosphoenolpyruvate carboxykinase (PEPCKc) is the key enzyme that controls this pathway. 22 A functional link between glyceroneogenesis and insulin sensitivity has been established in mice: the adipocytespecific inactivation in mice of the gene encoding PEPCKc, PCK1, increased systemic insulin resistance associated with increased circulating FFA. 23 By contrast, mice that overexpress PCK1 in adipocytes have reduced circulating FFA levels and normal insulin sensitivity, which has been associated with increased fat depots due to enhanced glyceroneogenesis and FFA re-esterification. 24 We previously reported a progressively decreasing efficiency of glyceroneogenesis in controlling FFA output in human SAT explants associated with increasing body mass index of the sample donors, leading to a parallel increase in the release of FFA into the culture medium. 25 These 'ex vivo' data suggested that glyceroneogenesis might be downregulated in adipocytes from overweight subjects and might thus contribute to the systemic increase in FFA in these individuals. We also reported that glyceroneogenesis is inhibited by anti-HIV drugs that activate the nuclear factor-kB (NF-kB) signalling pathway. 26 This inflammationlinked inhibition of glyceroneogenesis with its concomitant increase in FFA release occurred in explants of SAT, but not in the paired VAT explants from the same individuals, suggesting that SAT and VAT might be fundamentally different in their responses to activators of inflammation and immunity. To test this hypothesis, we compared here the effect of LPS on markers of inflammation and FFA homoeostasis in SAT and VAT explants from lean subjects. ) undergoing elective exploratory laparotomy for endometriosis at Cochin hospital. Subjects were otherwise healthy and were receiving no medication or hormonal supplements, except for contraceptive pills. All subjects gave written informed consent, and all procedures were approved by the ethics committee of Cochin hospital. Samples, removed at the beginning of the surgery, were immediately transferred to the laboratory in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 12.5 mM glucose.
MATERIALS AND METHODS Biopsies

Culture of adipose tissue explants
The tissue was carefully dissected to remove visible blood vessels and connective tissue, and then cut into small pieces of 20-35 mg wet weight, distributed in 12-well culture plates with about 200 mg per well and incubated in 2.5 ml of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and 5 mM glucose, biotin, pantothenate and antibiotics as described previously 25 in a humidified atmosphere of 10% CO 2 at 37 1C. After 4 h, explants were incubated with serum-free medium containing 0.5% (w:v) low-fat bovine serum albumin supplemented (or not) with LPS (100 ng ml À 1 ) for 14 h (LPS from Escherichia coli 0111:B4; ref. L-4391 from Sigma, Tafkirchen, Germany). When mentioned in the main text, parthenolide (Alomone Labs, Jerusalem, Israel) was added to the medium to a final concentration of 30 mM 1 h before treatment with LPS. After incubation overnight, media were collected for the determination of cytokines, and explants were frozen in liquid nitrogen before RNA extraction.
Explants used to assay PEPCKc activity and lipolytic rate were incubated for 24 h. At 4 h before the analysis of FFA release, the medium was replaced with glucose-and serum-free Dulbecco's modified Eagle's medium containing 3% (w:v) low-fat bovine serum albumin to eliminate residual glycolytic and glycogenolytic intermediates. Then, the medium was replaced with 3 ml of the same medium supplemented with 2.5 mM pyruvate and 1 mM isoproterenol for 1 h. At the end of the incubation, the medium was collected for the estimation of FFA and glycerol released by lipolysis (below), and the corresponding tissue fragments were frozen in liquid nitrogen before the determination of PEPCKc activity.
Determination of PEPCKc-specific activity and biochemical analyses PEPCKc activity was estimated in a post-mitochondrial fraction, prepared from adipose tissue previously homogenized in 10 mM Tris-HCl, pH 7.4, containing 1 mM dithiothreitol. PEPCKc activity was determined as described previously 27 by the radioactive method of Chang and Lane, 28 with saturating substrates concentration and 1:30 isotope dilution of [ 14 C]NaHCO 3 ; the reaction was performed for 30 min at 37 1C. Protein content was determined by using a BCA protein assay kit from SigmaAldrich. Concentrations of glycerol and FFA released in the incubation medium were monitored using free glycerol reagent (Sigma-Aldrich) and an acyl-CoA oxidase kit from Roche Applied Science (Meylan, France), respectively. In our experimental protocol, which was designed previously to analyse the efficiency of glyceroneogenesis in human SAT, the FFA:glycerol ratio was shown to be dependent on FFA re-esterification by glyceroneogenesis by using a PEPCKc inhibitor, 3-mercaptopicolinate. 25 Levels of cytokines secreted into the culture medium Cytokine analysis kits (Bioplex Magnetic Assay, BioRad, Marnes-laCoquette, France) were used to quantify concentrations of interleukin (IL)-6 and IL-10 in the medium; Millipore multiscreen 96-well filtration plates were used for the assays (Millipore, Billerica, MA, USA). All samples were tested in duplicate with a Bioplex 200 system (Bio-Rad). All analyses were performed according to the manufacturer's protocol. Dilutions of 1:100 and 1:1000 were needed for the quantification of IL-6 in SAT or VAT incubation media, respectively. Quantification of IL-10 secretion did not require dilution of the medium.
RNA and reverse transcription-polymerase chain reaction RNA extraction was performed by using an RNeasy Lipid kit (Qiagen, Courtaboeuf, France), and the quality (meaning integrity) of the RNA was assessed by gel electrophoresis. In all, 1 mg of RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA, USA), and quantitative reverse transcription-polymerase chain reaction measurements were performed with various quantities of cDNA (5-20 ng), to control the linearity of the amplification, and 500 nM primers, using SYBR Green and a Roche thermocycler (Roche Diagnostics, Meylan, France). Variations in mRNA levels were estimated relative to those of 18S rRNA (DCT ¼ CT gene of interest À CT 18S) obtained with 5 ng cDNA. The primer sequences were as follows: hPCK1 sense, 5
Statistical analysis
Data are presented as means ± s.d., and the statistical significance of the difference between two means (untreated SAT vs untreated VAT, or treated SAT or VAT vs respective controls) were performed by the paired t-test. Significant differences were assumed for P-values o0.05.
RESULTS
SAT and VAT explants from lean women have different inflammatory profiles
Pairs of abdominal SAT and omental VAT explants from eight individual, lean women were evaluated for their expressFat depot-specific effects of LPS C Vatier et al ion of inflammatory cytokines IL-6 and tumor necrosis factor (TNF)-amRNAs ( Figure 1a ). The amount of IL-6 mRNA in VAT was 10.6-fold greater than in SAT and the amount of TNF-a mRNA was 1.6-fold greater ( Figure 1a) . Also, the amount of IL-6 secreted by VAT explants was markedly higher than that secreted by SAT explants (Figure 1b) , as previously reported for TNF-a. 26 We also evaluated the level of expression of the M1 macrophage marker CD68 and observed 3.7-fold more in VAT than in SAT; this is consistent with the large number of macrophages in this tissue, even in lean individuals 29 and children. 30 As human-resident adipose macrophages have both M2 and M1 phenotypic traits, we also evaluated the expression of two M2 markers CD163 and the anti-inflammatory cytokine IL-10. The level of CD163 mRNA was 1.4-fold greater in VAT than in SAT, and the secretion of IL-10 was 15-fold greater in VAT than in SAT (Figure 1) .
These data suggest that, even in lean subjects, VAT contains more macrophages than does SAT, as it has higher levels of M1 and M2 markers. This likely reflects a local low-grade inflammation of VAT, indicated by high IL-6 and TNF-a gene expression and secretion, although this may be tempered by the high level of anti-inflammatory IL-10 secretion.
Depot-specific effects of LPS on human adipose tissue inflammation and FFA release by glyceroneogenesis To analyse the effect of LPS on inflammation and FFA homoeostasis in SAT and VAT explants from lean subjects, we treated explants with LPS (100 ng ml À 1 ) for 14 h; this concentration was chosen because it was shown previously to maximally increase TNF-a mRNA expression in macrophage cell lines. 31 LPS treatment of SAT markedly increased IL-6 and TNF-a mRNA levels (by 16-and 12-fold, respectively), whereas LPS treatment of VAT had no significant effect on IL-6 expression and TNF-a expression increased by only threefold (Figure 2a) . Consistent with the mRNA levels, secretion of IL-6 and TNF-a was significantly increased by LPS treatment of SAT (by 1.7-and 1.8-fold, respectively), but not by LPS treatment of VAT (both IL-6 and TNF-a expression increased by 1.1-fold, which was not statistically significant).
In parallel with our analysis of cytokines, we also determined the effect of LPS on metabolic genes involved in glyceroneogenesis; in response to LPS, the PPARg and PCK1 mRNAs in SAT were substantially decreased (by 92% and 79%, respectively), whereas they were not significantly affected in VAT (Figure 2b ). This effect of LPS on glyceroneogenesis was further investigated by assaying the specific activity of PEPCKc in the two fat depots and by measuring the release of FFA and glycerol into the medium after isoproterenol-induced lipolysis. At 24 h after LPS treatment, PEPCKc activity was reduced in SAT but not in VAT. Accordingly, the ratio of FFA:glycerol released (reflecting FFA re-esterification via glyceroneogenesis) increased only in the SAT explants (Figure 2c ). We found no significant effect of LPS on the lipolytic index of either tissue, as determined from the amount of glycerol released (SAT: 1.42±0.17; LPS-SAT: 1.58±0.22; VAT: 2.37±0.32; LPS-VAT: 2.48 ± 0.42 mmol h À 1 g À 1 of AT), whereas LPS increased the FFA release from SAT (SAT: 2.30 ± 0.28; LPS-SAT: 4,31 ± 0.53; VAT: 4.53±0.51; LPS-VAT: 5.26±0.77 mmol h À 1 g À 1 of AT). These data show that human abdominal SAT from lean women is more sensitive to LPS-induced inflammation than is their VAT; this is associated with less expression of adipocyte genes involved in glyceroneogenesis and a corresponding decrease of PEPCKc activity, as well as increased release of FFA in conditions of acute lipolysis. By contrast, LPS (100 ng ml LPS-induced inflammation and decreased glyceroneogenesis in human SAT are both mediated by NF-kB As LPS acts by activating the NF-kB pathway, we used an inhibitor of NF-kB activation, parthenolide, to investigate whether the LPS effect on inflammation and glyceroneogenesis results from NF-B activation (Figure 3 ). When SAT explants were pre-treated with parthenolide 1 h before LPS treatment, the activating effect of LPS on IL-6 and TNF-a mRNA expression was prevented (Figure 3a) . Accordingly, parthenolide significantly reduced LPS-induced secretion of IL-6 and TNF-a into the culture medium (data not shown). Likewise, in the presence of parthenolide the inhibitory effect of LPS on PPARg and PCK1 gene expression was reduced (Figure 3b) . Similarly, the glyceroneogenesis activity was restored by parthenolide: the specific activity of PEPCKc and the FFA:glycerol ratio remained at the level of untreated explants ( Figure 3c) .
As for SAT, pre-treatment of VAT explants with parthenolide before LPS treatment reduced the small increase in inflammatory cytokine gene expression seen with LPS alone (Figure 3a ), but had no significant effect on metabolic gene expression and glyceroneogenesis (Figures 3b and c) . Parthenolide alone had no significant effect on the basal inflammation status of either fat depot (data not shown), indicating that the higher level of proinflammatory cytokines in VAT as compared with SAT seen in Figure 1 did not result from constitutive activation of the NF-kB pathway.
These data show that both LPS-induced inflammation and the LPS-induced decrease in glyceroneogenesis observed in SAT depend on the activation of the NF-kB pathway. VAT is more resistant than SAT to the effects of LPS We have reported previously that more IL-6 is required to inhibit the activity of PEPCKc in VAT than to inhibit the activity in SAT from lean women. 26 We therefore tested here the effect of a 10-fold higher concentration of LPS than that used in the experiment in Figure 2 (that is, 1 mg ml À 1 ) on VAT (Figure 4 ). This higher concentration of LPS induced secretion of IL-6 by VAT, which was not observed with 100 ng ml À 1 LPS (Figure 4a) . Likewise, the PEPCKc activity in VAT was decreased and the FFA:glycerol ratio in the medium was increased by the higher concentration of LPS (Figures 4b and c) . These effects were mediated by the NF-kB pathway as they were reversed by the NF-kB inhibitor parthenolide (Figures 4b and c) .
These data confirm that NF-kB activation inhibits PEPCKc activity in VAT as it does in SAT. Nevertheless, they suggest that the NF-kB pathway in VAT requires a higher concentration of LPS to be activated than does the same pathway in SAT. Thus, VAT is more resistant than SAT to the effect of LPS on IL-6 secretion and glyceroneogenesis, but very high LPS concentrations can induce similar effects to those seen at lower concentrations in SAT.
DISCUSSION
In this study, we describe the differential effect of a bacterial endotoxin LPS on abdominal subcutaneous and visceral fat depots from lean human subjects. We demonstrate a greater sensitivity of the SAT than VAT to LPS-induced NF-kB activation, which leads to a depot-specific decrease in glyceroneogenesis and increase of FFA release.
We studied samples from lean individuals because we wanted to analyse the effect of LPS, a potential initiator of inflammation and associated lipid disorders, under basal non-inflammatory conditions. Most previous studies, particularly studies of VAT, considered only adipose tissues from obese subjects, that is, hypertrophied tissues.
Our comparison of the basal inflammatory status of SAT and VAT in lean women confirmed that VAT had more resident macrophages than SAT, as first observed in lean subjects by Harman-Boehm et al. 29 This was associated with increased expression and secretion of the proinflammatory cytokines IL-6 and TNF-a and of the anti-inflammatory cytokine IL-10. The increased expression of markers of M1 and M2 macrophages (CD68 or CD163) in VAT as compared with SAT suggests that VAT Fat depot-specific effects of LPS C Vatier et al of lean women has both a higher basal inflammatory status than SAT and also a higher anti-inflammatory status. These data accord with the dual phenotype proposed for macrophages resident in adipose tissue in humans, which have both M1 and M2 markers. 10, 29, 32 Interestingly, we found that the treatment of VAT with an NF-kB inhibitor, parthenolide, did not reduce this 'basal' inflammation in VAT, indicating that the low-level inflammation observed did not result from constitutive activation of the NF-kB pathway.
A number of recent studies point to the role of circulating LPS in triggering metabolic complications and insulin resistance. 33, 34 In previous studies, LPS was found to stimulate in vitro proinflammatory cytokine secretion from adipocytes of SAT taken from lean human subjects. 16 Injection of a small dose of LPS (3 ng kg À 1 ) into lean subjects induced systemic insulin resistance that was preceded by stimulation of inflammatory status and downregulation of insulin signalling pathways in SAT. VAT was not evaluated in these studies, however, because the tissue was not available. 19 The only published data about the effect of LPS on human visceral adipocytes used biological samples from the adipose tissue of obese subjects with a body mass index of 30-40 kg m À 2 ; 35 it found increased IL-6 secretion induced by LPS, with no significant change in the expression of PPARg and fatty acid synthase mRNAs. The comparative responses of subcutaneous and visceral fat depots to experimental endotoxaemia has been studied only in mice and cats, where endotoxaemia led to a major increase in the expression of inflammatory adipokine genes in fat, with a precocious or higher inflammatory response in SAT than VAT. 36, 37 We decided to investigate the release of FFA from subcutaneous and visceral fat depots because these lipids have an important role in the lipotoxicity process. To do so, we evaluated glyceroneogenesis, measured by PEPCKc activity and FFA:glycerol release, under basal conditions and after the induction of lipolysis, respectively. We found that LPS causes a substantial decrease in both PPARg and PEPCKc gene expression, with a subsequent decrease in PEPCKc activity, as was recently observed in mice. 38 Consequently, the amount of FFA released during lipolysis was increased by LPS-induced inflammation in the fat from lean women, and the SAT was far more sensitive than the VAT.
Our findings are in line with our previous observations that some antiretroviral protease inhibitors affect glyceroneogenesis in SAT but not VAT from lean subjects. 26 Indeed, this effect of antiretroviral protease inhibitors, like the effect of LPS, requires NF-kB activation and correlates with increased local production of proinflammatory cytokines by SAT. 26 The higher concentration of Figure 3 . LPS-induced inflammation and changes in glyceroneogenesis are linked to NF-kB activation in human SAT. SAT and VAT explants were incubated with 100 ng ml À 1 LPS supplemented, or not, with 30 mM parthenolide (P), for 14 h for gene expression analysis (a and b) and 24 h for functional analysis of glyceroneogenesis (c). Gene expression and glyceroneogenesis were determined as in Figure 2 , but the data are here presented as the fold change compared with their respective controls. LPS þ P vs LPS: *Po0.05, **Po0.01 and ***Po0.001.
SAT
LPS required to affect VAT is reminiscent of our previous finding that IL-6 inhibits glyceroneogenesis in human VAT only at a 10-fold higher concentration than in SAT. 26 We also confirmed the inhibitory effect of NF-kB activation on glyceroneogenesis in human fat, as recently observed in mice. 39 Taken together, our data suggest that NF-kB-induced increased FFA release from SAT might favour ectopic FFA deposition in other tissues, including VAT, and therefore, potentially participating in the expansion of VAT.
Our experimental approach treating adipose tissue from normal, lean subjects with LPS simulates metabolic endotoxaemia, but does not recapitulate human obesity. A recent study 4 that compared abdominal SAT and VAT gene expression in overweight and lean women, however, suggests that our findings could be relevant for obese subjets. In comparison with the lean women, the overweight group, characterized by increased VAT/total fat area and by hyperinsulinaemia, presented with increased inflammation in SAT, which was higher than in their VAT.
Our data show that the inflammatory agent LPS selectively increases FFA release from SAT, the major fat depot involved in FFA homoeostasis, whereas mildly affecting VAT. Considering that ectopic lipid accumulation precedes metabolic complications, 40 we propose that damage of the FFA-buffering function of SAT by an inflammatory process (here, in response to LPS or by antihuman immunodeficiency virus drugs 26 ) might participate in the expansion of VAT. Thus, our data provide novel insights into the differential contributions of abdominal subcutaneous and visceral human fat depots to metabolic complications. 
